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SIMULATION OF SUBSURFACE FLOWSASSOCIATED WITH
RAINFALL-INDUCED SHALLOW SLOPE FAILURES

Ching-Chuan Huang* and Chien-Li Lo?

ABSTRACT

Modeling transient subsurface flow along the soil-bedrock interface and the subsequent mounding of porewater pressure
head in the slope toe zone is key to a successful prediction of rainfall-induced shallow slope failure and debris flow initiation. To
this end, finite element analyses are performed on some model slopes subjected to artificia rainfall using calibrated soil-water
characteristic curves (SWCCs) and soil permeability functions (SPFs). Analytical results highlighted the importance of lateral
subsurface flow in modeling rainfall-induced shallow slope failure, which cannot be adequately simulated using one-dimensional
seepage models. Analytical results also revealed that the formation of a saturated zone and an outward subsurface flow over the
entire length of the soil-bedrock interface signals rapid slope mass wasting. Results of a comparative study showed that an accu-
rate modeling of time-dependent subsurface water table devel opment requires modifications to the analytical boundary conditions
induced by the wash-away of the slope toe. An accurate physical model of shallow slope failures requires further works to address

thisissue.
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1. INTRODUCTION

Although analytical modeling for rainfall-induced slope
failures has been attempted over the past two decades, a satisfac-
tory description of shallow slope failure initiation in the source
area has yet to be obtained. Previous studies of rainfall-induced
shallow slope failures have generally revealed that:

1. Rainfall-induced shallow slope failures provide a major
source of debris flows (Bouwer 1966; Baetens et al. 2009).
Shallow source slope failures are caused by the penetration
of the wetting front from the slope surface (Okimura and
Ichikawa 1985; Dai et al. 1999; Zhang et al. 2000; Kim et al.
2004; Cho 2009), in conjunction with decreases of matric
suction and the loss of apparent cohesion (Yoshida et al.
1991; Rahardjo et al. 1995; Springman et al. 2003; Blatz et
al. 2004; Lade 2010). Therefore, modeling of wetting front
propagation plays a key role in quantifying the temporal
characteristics of shallow slope failures.

2. Perched groundwater tables over a geological discontinuity
with lower permeability play an important role in activating
shallow slope failures and debris avalanches (Iseda and
Tanabashi 1986; Buchanan et al. 1990; Dai et al. 1999;
Zhang et al. 2000; Gerscovich et al. 2006).

3. Soil-water characteristic curves (SWCC) and soil permea-
bility functions pertinent to specific soils, along with nu-
merical analysis tools, can be used to capture the timing of
wetting front propagation and the resulting slope failures
(Ca and Uga 2004; Kim et al. 2004; Gerscovich et al.
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2006; Cho 2009; Tu et al. 2009; Montrasio et al. 2009;
Rahimi et al. 2010).

However, there are deficiencies associated with the method-
ologies and findings of the above-mentioned studies, leading to
limited success substantiating practical applications:

4. The mgority of the analytical model for wetting front prop-
agation has been based on a one-dimensional (1-D) assump-
tion (Tan et al. 2004), i.e., a subsurface flow in (or against)
the direction of gravitation. Field monitoring and experi-
mental results indicated that lateral (preferential) flows pre-
vail in the hillslope (Anderson et al. 2009; Huang et al.
2009; Huang and Yuin 2010). Lateral flowsin layered slope
strata were observed in numerous studies (Weyman 1973;
Pilgrim et al. 1978; Weiler and Naef 2003), but have rarely
been considered in slope-stability-related analytical models.

5. The majority of the analytical model of slope stability was
based on the assumption of infinite slope (Okimura and
Ichikawa 1985; Pradel and Raad 1993; Rahardjo et al. 1995;
Borga et al. 1998; Crosta 1998; Enoki 1999; Collins and
Zndarcic 2004; Kim et al. 2004; Meisina and Scarabelli
2007; Lu and Godt 2008; Cho 2009; Lee et al. 2009; Godt et
al. 2009; Montrasio et al. 2009) for which a phreatic line is
parallel to the slope surface. However, numerous field stud-
ies have shown that shallow slopes consisting of colluvial
deposits are often chair-shaped, i.e., arelatively gentle slope
around the toe that forms a self-stabilizing mechanism
(Lumb 1975; Johnson and Sitar 1990; Jiao et al. 2005;
Gercovich et al. 2006; Lacerda 2007; Cascini et al. 2008).
Recent experimental evidence has shown the critical role of
slope toe stability in seepage-caused slope failures and de-
bris discharge (Orense et al. 2004; Chu-Agor et al. 2008;
Huang et al. 2008; 2009; Huang and Y uin 2010). Analytical
studies (Iverson and Major 1986; Reid and Iverson 1992)
aso indicated that seepage in slopes might introduce upward
seepage force around the slope toe, causing static liquefac-
tion, rather than shear failure, in that zone.
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A successful modeling of rainfall-induced slope failures
should be able to address issues stated in (4) and (5) above. The
present study creates a preliminary phase for a new finite shallow
slope failure model with coupled hydraulic and mechanical anal-
yses. The focus of this study is on the accuracy of subsurface
hydrologic modeling and possible influence of the boundary
condition change induced by progressive failures of the slope.

2. MECHANISM S OF RAINFALL-INDUCED
SHALLOW SLOPE FAILURES

The tested slopes consisted of a soil classified as SM (silty
sand) according to the Unified Soil Classification System (USCS;
ASTM D 2487). The soil is identica to that used in the large-
scale and small-scale model slope tests reported by Huang et al.
(2008, 2009) and Huang and Y uin (2010). Figure 1 schematically
shows a cross section of the model slope, which was brought to
failure by using a spatially and temporarily uniform artificial
rainfall facility. “Shallow slope failure” is used in the following
to depict a failure pattern that develops along the soil-bedrock
interface located at a certain depth of a finite slope. This defini-
tion is different from the “shallow failure’ conventionally used
for infinite slopes. A 2.29 m long, 0.84 m high, and 0.645 m wide
wooden soil bin made of 20 mm-thick plywood plates with wa-
terproof coating was established (Fig. 1). The bin had a debris
discharge collection funnel immediately below the slope toe. The
debris collection bucket beneath the funnel was replaced during
the artificial rainfall test at variable rates of 1 ~ 3 min. per bucket,
depending on the discharging rate during the test. Sandy slopes
were constructed by lightly compacting a specific weight of silty
sand with a water content (w) of 10% down into 20 mm-thick
horizontal layers using a 0.45 N rubber hammer. This process
was repeated until a 0.84-m-high sandy slope was completed.
Locations of the moisture sensors aong the central line of the
slope are denoted as M1 ~ M11 in Fig. 1. The moisture sensors
(Decagon, ECH20) were 100 mm long, 10 mm wide, and 1 mm
thick. The piezometers (KYOWA BPR-A-50KPS), denoted by
P1, P2, and P3in Fig. 1, had a capacity of 50 kPa and a high res-
olution of 0.04 kPa (or a resolution of 4 mm water head). Details
of the construction procedure, soil moisture and piezometric
measurements have been thoroughly described by Huang and
Y uin (2010).

It should be noted that experimental works similar to those
described in Fig. 1 with a similar focus on the internal soil mois-
ture and porewater pressure response to rainfall were reported by
Montrasio and Valentino (2007) and Sharma and Nakagawa
(2010). It iswidely known that the influence of side-wall friction
to the behavior of model slopes and walls via the so-called
“arching effect” is significant for the model with a small width-
to-height ratio. In the case of a rainfall-induced shallow slope
failures and debris flow-related model tests, slope failures and
debris discharge are usually associated with “flow-like” slope
material for which the arching effect is unlikely to prevail. This
speculation is supported by past model tests reported by Okura et
al. (2002) and Lourenco et al. (2006) who used model slopes
with width-to-height ratios between 1.0 and 0.75, respectively.
The model slope studied here has a higher width-to-height ratio
of 1.34 comparing with the above-mentioned tests. Therefore, the
effect of side wall friction to the observed slope behavior is as-
sumed negligibly small in the present study.
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Fig.1 Geometries of the model sope and locations of soil
moisture and water pressure sensors in the tests report-
ed by Huang and Yuin (2010)

Figures 2(a) ~ 2(d) show four typical moments of the model
slope around the transition from a negligibly small debris dis-
charge state into a measurable debris discharge state, for a slope
subjected to a spatially and temporarily uniform rainfall intensity
of | = 47 mm/hr. At timet = 74 min. after the beginning of rain-
fall, the slope was subjected to a minor toe failure, as shown in
Fig. 2(a). Figs. 2(b), 2(c), and 2(d) show the retrogressive failures
a t = 93 min., 103 min. and 133 min. respectively. The distinc-
tive progress of a slumped area can be seen between t = 103 min.
and t = 133 min. It can be seen in Figs. 2(c) and 2(d) that the
slumped debris deposited around the slope toe had a gentle re-
pose angle of about 15° ~ 18°. Figure 3 shows the cumulative
debris discharge (Qy) vs. time (t) curves for model slopes sub-
jected to various spatially and temporally constant artificial rain-
fall with intensities of | = 23, 47, and 65 mm/hr. It can be seen
that these curves are characterized by various transition points
from a minor solid discharge state into a rapid discharge state.
The slopes of these curve are also influenced by the value of the
rainfall intensity. It should be noted that a transition period be-
tween a low discharge rate and a high discharge rate occurs be-
tween t = 103 and 133 min., as can be seen in Fig. 3 for the case
of | = 47 mm/hr. Figure 4 shows various extents of slope failures
(in terms of P, defined as the percentage of discharged solid
volume to the total volume of solids in an intact slope) subjected
to | = 47 mm/hr. The porewater pressure heads along the imper-
meable base at specific times (t = 103, 133, 154, and 200 min.)
are also shown. A significant mounding of the porewater pressure
head between t = 103 and 133 min. can be seen, and after t = 133
min. no significant change of porewater pressure can be seen. In
the debris discharge curve for | = 47 mm/hr in Fig. 3, the onset of
rapid debris discharge is associated with a rapid porewater pres-
sure head change in the slope toe zone. Figure 5 indicates the
propagation of the wetting front from the slope surface to the
base of the dope based on the soil moisture measured at S=0.9 m

Slope toe
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Fig. 2 Various extents of slope failuresin the artificial rainfall
test (I =47 mm/hr) reported by Huang and Yuin (2010),
(@) A minor dope toe failure at t = 74 min; (b) A meas-
urable slope toe failure at t = 93 min.; (c) An extensive
slopetoe failure at t = 103 min.; (d) A major sopefailure
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Fig. 3 Percentage of cumulative solid discharge vs. elapsed
time between different rainfall intensity

(S: Horizontal distance from the slope toe). The soil moisture
increases in the sequence M6 (at 0.16 m-deep) — M5 (at 0.32
m-deep) — M4 (at the impermeable base). Among them, the
water contents of M6 increases from the initial state to saturation
(o =0.27 ~ 0.30) within a very short period of time (betweent =
75 and 80 min.), indicating that a saturated zone was formed
locally after the arrival of the wetting front at the impermeable
base. Note that the transition time of debris discharge (namely,
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Fig. 4 Patterns of retrogressive failure and porewater pressure
developments observed in the test of | = 47 mm/hr (after
Huang and Y uin 2010)
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Fig.5 Measured water content response at S= 0.9 m for the
case of | =47 mm/hr

t = 103 min. as shown in Fig. 3) is different from the transition
time (t = 75 ~ 80 min.) of water content for M4, as shown in Fig.
5. This suggests that the time of wetting front arrival at a certain
point of soil-bedrock interface precedes the formation of
soil-bedrock interface flow which triggers the debris discharge.
Figures 6(a) and 6(b) substantiate this view point in the sense that
a saturated interface flow over the entire soil-bedrock interface
occurs immediately after al points of measurement become sat-
urated, which signals the launch of a saturated interface flow
along the entire soil-bedrock interface and the debris discharge.
Figures 6(a) and 6(b) compare porewater pressures and soil
water contents measured along the impermeable base at S= 0.55,
0.9, and 1.29 m. It is noted that the first transition point of soil
moisture response curves aways occurs before that for the
porewater pressure response curve, suggesting a time-lag for
porewater pressure response. The time-lag of porewater pressure
response may be partialy due to the limitation of the sensible
range of piezometers. The measurement of piezometric head is
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Fig. 6(b) Measured water content response at S= 0.55, 0.9, and
1.29m (M2, M4, and M7) for the case of | = 47 mm/hr

more reliable in the case of positive porewater pressures. Transi-
ent and non-uniform distribution of suction around the ceramic
cup of piezometers may account for the lagged detection. On the
other hand, the moisture sensor is based on the dielectric constant
of the medium, valid in sensing the moisture content change
around the sensor up to the point of saturation. Therefore, these
two types of sensors have different valid ranges (i.e., the mois-
ture sensor is valid for the pre-saturation state; the piezometer is
valid for the post-saturation state), and are supplementary to each
other. Based on the above observations, Fig. 7 schematically
summarizes the mechanism of rainfall-induced shallow slope
failures proposed by Huang and Yuin (2010), which was based
on a series of artificial rainfall tests on various scales of model
slopes consisting of sand with different void ratios as shown in
Table 1 (Huang et al. 2008, 2009). The process of rain-
fall-induced shallow slope failure can be expressed in this se-
quence: (D vertical wetting front propagation through an un-
saturated medium; (2) wetting front arrives at impermeable bed-
rock; @ lateral saturated flow occurs aong the soil-bedrock

Fig. 7 Schematic model of subsurface flow propagation and
phreatic water table mounding for a shallow slope sub-
jected to rainfall infiltration proposed by Huang and
Y uin (2010)

Tablel The SWCC parametersfor variousconditionsin the
calibration box test

Void eEati 0, d(?ni it)i/vg wDe?g/;rL]jtm;d a n m
T (KN/m)
0.700 55% 15.2 4.4517 | 1.6238 | 1.6029
0.750 42% 14.7 49701 | 1.6543 | 1.8334
0.809 26% 14.2 5.0444 | 1.8133 | 1.9675
0.850 16% 139 5.1946 | 1.8565 | 2.1379

interface; (@ lateral flow accumulates and initiate slope toe fail-
ures, (5 water table reaches a critical height associated with a
rapid debris discharge. It was found that the moments of @) ~ @
were consistent with the moment of transition from a low debris
discharge state to a high discharge state. The failure mechanism
depicted in Fig. 7 issimilar to that proposed by Take et al. (2004)
for describing a dide-to-flow triggering mechanism of end-
tipping loose fill slopes.

Note that the proposed model consisting of simplified initial
and boundary conditions may not immediately applicable to nat-
ural slopes with complicate internal and / or externa conditions,
such as a perched water table which may generate a lateral seep-
age flow before the arrival of wetting front at soil-bedrock inter-
face. Also note that this study focuses on the numerical simula-
tion of wetting front propagation and a water table formation at
the toe of the slope. Discussions on mechanical effects of slope
failure and debris discharge, such as: The grain size and the dila-
tancy of the tested medium, is beyond the scope of this study.

3. MODELING SOIL-WATER CHARACTERIS
TICSCURVES

Figure 8 shows a cross section of the calibration box used
for deriving the suction vs. water content relationships, namely
the soil-water characteristic curve (SWCC). Test specimens were
prepared using a sandy soil identical to that discussed for Fig. 1.
Sand specimens with specific water content » (= 0, 5%, 10%,
17.5%, and 25%) were statically compacted with 50 mm-thick
lifts to achieve targeted dry unit weights of v = 13.9, 14.2, 14.7,
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Fig. 8 One-dimensional seepage box used for deriving soil-water
characteristic curves

and 15.2 kN/m? (or void ratios e = 0.850, 0.809, 0.750, and 0.700,
respectively). A tensiometer (Model 2725 and 5031- B.5,
Soilmoisture Equipment Corp.) was placed at the center of the
box and two soil moisture sensors (Model ECH,0O-10, Decagon
Devices, Inc.) were placed adjacent to the ceramic cup to meas-
ure the volumetric contents of the surrounding soils. These soil
moisture sensors were calibrated prior to the test to ensure accu-
rate water content measurements (Huang et al. 2008, 2009). To
obtain the matric suction (y) vs. volumetric water content 6 (= ®
- Yal yw; va: dry unit weight of sand, y,: unit weight of water) rela
tionships for various void ratios of sand (as summarized in Table
1), a specific amount of water (2000 c.c.) was uniformly spread
across the top surface of the soil specimen. The box was then
covered with a plastic sheet for a certain period of time (for about
90 min.) until a new equilibrium state of soil moisture for the
entire soil box was reached. The matric suction and soil moisture
outputs were recorded at equilibrium states.

The use of 2000 c.c. of water for each step of water spread-
ing was based on the result of trial-and-error tests. It was found
that this amount of water generate detectable changes of volu-
metric water content of about 5% for each step of water spread-
ing. Results of tria tests also showed that a smaller amount of
water generated undetectable water content increase in the soil
mass; a larger amount of water generated insufficient data points
for the soil-water characteristic curve. A reversed operation for
reducing the water content of the specimen using two 300-Watt
heaters close to the top surface was performed to derive the y vs.
0 relationships for the drying process. A small amount of hyste-
resisin y for about 2 kPa was found between the drying and wet-
ting curves, which is consistent with the results reported by
Fredlund and Rahardjo (1993). It should be noted that the present
study focuses on the rainfall-induced failure mechanism observed
in artificial rainfall tests, which is basicaly a wetting process.
Therefore, only the wetting curves are used hereafter. Although a
tensiometer measurement is not a standard test, it is a well-
established method of in-field measurements. Various standard
laboratory tests for deriving SWCC are with specific applicable
ranges of matric suction (Nam et al. 2009). It is aso difficult to

obtain an entire range of matric suction for a SWCC using a sin-
gle laboratory test method. Results of multiple types of laborato-
ry tests with certain assumptions are usually required to deter-
mine a full-range SWCC. To aleviate this drawback, modern
scientists and engineers can take the advantage of the well-
established knowledge and database (e.g., Arya and Paris 1981;
Fredlund and Xing 1994; Aubertin et al. 2003), not just rely on
standard tests in determining SWCCs. Most importantly, the
SWCC based on the tensiometer measurement and the theoretical
model of Fredlund and Xing (1994) used here has been carefully
calibrated with a specia focus on the wetting front propagation,
reported in-detail by Huang et al. (2011). The experimenta data
can be curve-fitted using the equation for SWCC proposed by
Fredlund and Xing (1994) asfollow:

6=C(y)- O )

e )]
oy

108 @)
m[uj
v

and

Cly) =1~

where, v, is the suction corresponding to the residual water con-
tent 6,; v, = 1500 kPa is used in the analysis, as suggested by
Frediund and Xing (1994); a, n, and m are curve-fitting parame-
ters.

Figure 9 shows the experimental SWCCs for the same sand
for two typical void ratios (namely, e = 0.7 and 0.85), expressed
using the equation proposed by Fredlund and Xing (1994) with
curve fitting parameters a, n, and m, as summarized in Table 1.
Detailed descriptions on the equation of SWCC for the tested
sand were provided by Huang et al. (2011).

4. MODELING SOIL PERMEABILITY
FUNCTIONS

Based on the concept of relative permeability proposed by
Burdine (1953) and the soil permeability models proposed by
Childs and Collis-George (1950), Marshall (1958), and Kunze et
al. (1968), Fredlund et al. (1994), proposed a soil permeability
function (SPF), k,(w), based on the integration of the SWCC.
Figure 10 shows a comparison of three SPFs for the wetting path
of tested sand at e = 0.7. These curves were derived based on the
fitted SWCC (as shown in Fig. 9), incorporated with the theories
of SPF proposed by van Genuchten (1980), Green and Corey
(1971), and Frediund et al. (1994). It is noted that within the
range of y = 1 ~ 100 kPa, the values of k, provided by Fredlund
et al. (1994) were the largest among three SPFs examined. Note
that the range of matric suction between 1 and 100 kPa consti-
tutes a steep segment of the SWCC as shown in Fig. 9. This
means that soil permeability corresponding to this range of suc-
tion significantly influence the simulated seepage behavior of the
tested medium. Detailed equations for various SPFs mentioned
above have been provided by Huang et al. (2011).
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Fig. 10 Hydraulic conductivity functions for e = 0.70 based on
the models proposed by Green and Corey (1971), van-
Genutchen (1980) and Fredlund et al. (1994)

5. TRASIENT SEEPAGE ANALYSES

A computer program of finite element method (FEM),
SEEP/W (Krahn 2004), was used to anayze the wetting front
propagation and porewater pressure development of the model
slopes subjected to artificial rainfall reported by Huang and Yuin
(2010). The FEM program SEEP/W has also been used in a tran-
sient seepage analyses for two rainstorm-induced landslides,
which incorporated a limit-equilibrium-based slope stability
method (Casagli et al. 2006). In Casagli’'s study, empirical
SWCCs and SPFs were used, thus contrasting to the calibrated
SWCCs and SPFs used in the present study.

The transient seepage equation for two-dimensiona (2-D),
anisotropic, heterogeneous, unsaturated mediums based on the
theorem of continuity of water phase and the assumption of neg-
ligible air flow influence in the FEM program can be expressed
as.

0 oH 0 oH 00 oH
. kx_ +—— ky_ +tO0=—=MyYw— €)
OX oxX | oy oy ot ot
where
k, k, : Permeability coefficientsin x and y directions,
respectively

H : Tota water head (= uly, +Y; u: pore water
pressure; y: elevation)
Yw . Unit weight of water
g : Boundary flux (in m/s)
m, : Slopeof 0 vs. y curve
Yw . Unit weight of water
In the present study, an isotropic condition, namely, k, = k, =
k.(y), was assumed. Although anisotropic conditions (k = k)
have been used in some parametric studies (e.g., Ng and Shi
1998), this assumption was not strongly supported by experi-
mental and field evidences. In addition, Witt and Brauns (1983)
investigated the permeability anisotropy due to flatness and ori-
entation of particles. They showed theoretically and experimen-
tally that a randomly packed flat particles with aratio of 4 (diam-
eter):1 (thickness) was associated with k, / k, = 2.3. In view of the
sub-rounded particle shape for the soil used in the present study,
the permeability anisotropy is believed to be very small. The
saturated permeability coefficients (k;) used here were obtained
based on a standard test method ASTM D 2434, and are summa-
rized in Table 2. For the transient seepage analysis performed
here, four-noded quadrilateral elements were used. A preliminary
analysis of the wetting front propagation in a seepage box (to be
discussed in the following section) showed a negligible ad-
vantage in using quadrilateral elements with more nodes. It is
well-known that the accuracy of numerical calculations in time
domain is ensured by using a small time increment. However, a
too-small time increment entails unnecessarily long hour of cal-
culations. To this end, a comparative study on the effectiveness
of time intervals was conducted by using three time intervals (At),
namely, 0.1 s, 1.0 s, and 5.0 sin a preliminary seepage analysis.
Analytical results show that a decrease of time interval from 1.0 s
to 0.1 s caused negligible influence on the rate of wetting front
propagation and time of wetting front arrival. Therefore, a time
increment of 1.0 swas used in the following analysis.

6. SEEPAGE ANALYSESUSING FINITE
ELEMENT METHOD

Figure 11 shows a cross section of the seepage test box and
the locations of the soil moisture sensors. The soil specimen
preparation method was identical to that used for the calibration
box test described earlier. In this case constant water heads (Ah)
of 10 mm or 50 mm were applied to the top surfaces of the soil
specimens. Figure 12(a) shows the measured and simulated soil
water content responses at a depth of 0.2 m. Four soil moisture
sensors were installed at each depth (0.2 m and 0.42 m), and they
al provided similar experimental curves. The analytical curves of
Green and Corey (1971) and Frediund et al. (1994) provided
better results than those of van Genuchten (1980). This is at-
tributable to the fact that the SPF based on the SWCC of van
Genuchten (1980) generally has lowest values of ky(6) among
three SPF curves examined in Fig. 10.
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Table2 Saturated soil permeability (kg) for the tested soil with
variousvoid ratios

e k' (m/s)
0.700 2.00x 10°°
0.750 3.60x10°
0.809 6.50 x 10°°
0.850 932 x10°°

(1) Based on standard test method (ASTM D 2434)

. 500
Unit: mm [ 57 127
AL ‘ ‘ =

A
Tl [ee 44 2. . AT
y ad LT (_:.l " i A i
H .v_ JEI PR ) d_"_‘., "44

i Nos5.6 . .. « ., Nos. 7.8

2 — | f I:l A ‘ L.
_ _' +* [Soil moisture sensors Al
a2 . ‘ (Model ECH20-10)  {*

S ¥Nos.1.2 ", Nos.3.4)

LR ot bl SN 1 [::
~ a [ - S .. S B

Fig. 11 One-dimensional seepage box with moisture sensors

Note that none of them successfully simulated post-peak
water content reduction behavior. This can be attributed to the
limitation of the analytical model in which the air-phase flow was
not considered. To simultaneously simulate the water and air
phases correctly, a rigorous approach such as that proposed by
Fredlund and Rahardjo (1993) is necessary. Figure 12(b) de-
scribes 6 vs. t relationships measured at the depth of 0.42 m for
the test with e = 0.75 and Ah = 10 mm. It can be seen that the
water content response at the depth of 0.42 m was well simulated
using the SPF proposed by Fredlund et al. (1994). It can be seen
in Fig. 12(b) that no post-peak reduction of 6 was observed at the
depth of 0.42 m, which is close to the base of the box. At this
depth, the soil becomes ‘flooded’ or ‘saturated’ immediately after
the arrival of wetting front. This is different from the middle
depth of 0.2 m, where trapped air bubbles existed. Based on the
result of comparative study shown in Figs. 12(a) and 12(b), SPFs
of Fredlund et al. (1994) are used in the following analyses.

7. NUMERICAL ANALYSESON WETTING
FRONT PROPOGATION IN SHALLOW
SLOPES

Figure 13 shows the geometry of the grids and boundary
conditions used in the FEM analysis. The simulated model sandy
slope is identical to those shown in Fig. 1. The input flux at the
crest of the slope g = 1.305 x 10> m/s (= 47 mm/hr x 1 hr/3600 s
x 10°° m/mm) is an alternative expression of rainfall intensity, 1.
The input flux at the slope surface is obtained by projecting q (=
1.305 x 10° m/s) to the slanted slope surface (with a slope angle
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Fig. 12(b) Water content response at 0.42 m-deep in 1-D
seepage tests
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Fig. 13 Four-node quadrilateral finite grids and boundary con-
ditions for the model slope subjected to a constant-
intensity artificial rainfall of | = 47 mm/hr, reported by
Huang and Y uin (2010)
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of 30°), i.e., theinput flux at the slanted slope surface q = 1.305 x
10°° m/s x cos 30°= 1.13 x 10™° m/s. The size of the grids was
determined based on a tria-and-error analysis of wetting front
propagation and groundwater table development. A larger grid
size was first used in the analysis and the results of the analyses
in terms of the moisture content and porewater pressure head vs.
time relationships were recorded. The grid size was gradually
reduced in the next analysis and improved moisture and porewa
ter head vs. time relationships were thus obtained and were com-
pared with the previous ones. This process was repeated until no
significant changes in the results could be obtained by reducing
the grid size. Figures 14(a) ~ 14(c) show typica analytical resuilts,
expressed in contours of degree of saturation (S) at t = 74 min.,
93 min., and 103 min., respectively. These times correspond to
some significant moments when the slope was subjected to rain-
fall as shown in Figs. 2(a8) ~ 2(c). There are some points that
should be noted:

Att=74min. (Fig. 14(a)), vectors of seepage velocity in the
slope toe zone were directed inside of the slope, and a minor
zone of saturation was observed around the slope. This is con-
sistent with the observed moisture and piezometric responses at
the soil-bedrock interface, which showed no sign of wetting front
arrival at t = 74 min. However, thisis not the case for the seepage
velocity vectors at t = 93 and 103 min., which show an outward
lateral flow resulting from porewater pressure mounding in the
slope toe zone. This suggests that the outward subsurface flow
was non-existent until t = 93 min. which is close to the time of
rapid debris discharge initiation at t = 103 min. Latera flows
occur locally during this stage, i.e., an overall latera flow along
the full length of the slope does not occur during this stage. This
observation is supported by the analytical flow velocity field to
be shown later.

At t =74 min. positive piezometric heads were found only at
the tip of the slope toe. At t = 93 and 103 min., the line of
S > 95% (near-saturation state) developed nearly parallel to the
slope base, i.e., thelines of § > 95% formed a ‘chair-shape’ sim-
ilar to that of the soil-bedrock interface. The formation of a near-
ly saturated zone over the entire interface signals the initiation of
a latera flow along the soil-bedrock interface, and is also con-
sistent with the observation made in (1).

It can be seen in Fig. 14(c) that at t = 103 min., a signifi-
cantly piezometric head higher than the measured one was ob-
tained from the analysis. This contradiction is partially attributa-
ble to the unrealistic boundary used in the analysis. It can be seen
in Fig. 2(c) that at t = 103 min., the toe of the slope experienced a
substantial local washout. This was ignored in the analysis and is
to be discussed further later.

Two-dimensiona (2-D) analyses automatically account for
the lateral subsurface flow which plays a vital role in addressing
the failure mechanism of the slope toe. It is apparent that one-
dimensional (1-D) seepage analyses is inadequate in addressing
such an issue, because such analyses generate no information on
the lateral subsurface flow.

8. EFFECTS OF BOUNDARY CONDITIONSON
THE PORE PRESSURE INCREASE

Figure 15(a) shows a comparison of calculated and meas-
ured porewater pressure heads at t= 133 min. for the case of

Max velocity
=2.75%10" mfs

Analytical phreatic line

Measured phreatic line

Max velocity =
3.65x107 m/s

Analytical phreatic line

Measured phreatic line

Max velocity =
3.80x10° m/s

(c) att=103 min
Fig. 14 Vectors of seepage velocity obtained from the FEM
analysisfor thetest of | =47 mm/hr

I = 47 mm/hr. It is clear that the discrepancy between these two
curves is great. In general, the difference between the calculated
and the measured porewater pressure heads increases with the
elapsed time. A parametric study on the SWCC and SPF is a
good way of exploring possible factors accounted for the dis-
crepancy between the observed and calculated results shown in
Figs. 14(b) and 14(c). This approach was not employed in the
present study, because the parameters of SWCC and SPF used
here are results of a careful calibration as described in Figs. 8 ~
12. The present study highlights one of the possible reasons,
namely, the ‘transient slope toe boundary change’ which has
never been explored. Figure 15(b) shows atypical example of the
progressive removal of elements from the slope toe at t = 93 min.
to approximate the observed washed-away slope boundary, as
shown in Fig. 4. To achieve this, a procedure was adopted by
preserving the analytical outcome (namely, 6 and H in which
are solutions for Eq. 3) for a specific time step. A modification to
the slope toe boundary to comply with that observed in the test
was subsequently made. The preserved data were then used as
the initial condition for the modified slope geometry. The above
process was executed at t = 93, 103, and 133 min, where the
slope toe boundary change had been accurately measured, as
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. Calculated

Y ic li ™
- phreatic line .
*\\ Measured

phreatic line

Modified slope toe
boundary at t = 133
min.

Calculated .
phreatic line

Measured
phreatic line »,

Pl
(b) Modified slope toe boundary

Fig. 15 Comparisons of measured at calculated porewater pres-
sureheadsfor thetest of | =47 mm/hr at t=133 min

shown in Fig. 4. It should be noted that removing the
washed-away elements in the seepage analysis is a simplistic and
preliminary way of investigating the effect of boundary condition
changes around the slope toe. A more rigorous way of taking into
account this effect is by performing a coupled analysis, which
involves simultaneous seepage and stress analysis (e.g., Fredlund
and Rahardjo 1993; Carcia et al. 2011). Thiswill be necessary in
the future.

Figure 16(a) shows a comparison of measured and calculat-
ed values of porewater pressure (u) vs. t curves. Good agreement
in terms of critical times where there is an abrupt increase in “ u”
can be seen. However, the calculated values of u tend to become
overestimated after specific times. This overestimated value of
“u” comes from ignoring the toe wash-out-induced boundary
changes, as mentioned earlier. Figure 16(b) shows a comparison
similar to that shown in Fig. 16(a), except the calculated porewa-
ter pressure heads are based on slope toe geometry modified by
removal of some washed-away elements. It can be seen the
agreement between the experimental and the simulated porewater
pressure responses greatly improved, in the sense that final por-
tions of the calculated u vs. t curves exhibit post-peak patterns
that agree well with the observed ones.

9. CONCLUSIONS

Current slope stability models provide insufficient infor-
mation about rainfall-induced subsurface hydrology regarding
lateral flow along the soil-bedrock interface. To this end, the
internal hydrological process for a shallow sandy slope subjected
to artificial rainfall was investigated using finite element method
(FEM), dong with calibrated soil-water characteristic curves
(SWCCs) and soil permeability functions (SPFs). The following
conclusions were obtained:
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Fig. 16(a) Comparisons of measured and calculated porewa-
ter pressureresponsesfor thetest of | =47 mm/hr
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Fig. 16(b) Comparisons of measured and calculated porewa-
ter pressureresponses for the modified slope sub-
jected to | =47 mm/hr

1. SWCCs for a silty sand were measured using tensiometers
and soil moisture measurements. Results of finite element
analyses suggest that the SWCCs and SPFs proposed by
Fredlund and Xing (1994) and Fredlund et al. (1994), re-
spectively, with calibrated parameters well-simulated the
wetting front propogation observed in the calibration box
and model slope tests.

2. Good agreements between the measured and analytical soil

moisture response curves aong the soil-bedrock interface
were obtained. They all showed abrupt increases in soil
moisture and porewater pressure at the time of wetting front
arrival. Thisis associated with a saturated zone over the en-
tire length of soil-bedrock interface. This facilitates a sub-
surface flow along the soil-bedrock interface and porewater
pressure mounding at slope toe. The time of overall saturat-
ed zone formation was consistent with that of a lateral sub-
surface flow formation, and also the time of rapid debris
discharge initiation.
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3. Both analytical and measured results showed significant
increases in piezometric heads around the toe of the slope at
the initiation of rapid debris discharge. The difference be-
tween the analytical and measured porewater pressure heads
became large as the extent of the slope failure increased be-
cause of less redlistic analytical boundary conditions of the
slope toe. Therefore, simulating the slope toe boundary
change associated with the washing-away of slope mass
plays a significant role in accurately modeling the internal
moisture and piezometric responses of the slope. A coupled
mechanical and seepage analysis incorporating a boundary
change technique is necessary in the future to address this
issue.

The conclusion derived here can be used to improve current
practice which addresses the failure of the slope using a deter-
ministic approach, ignoring the progressive failures of the slope
toe and the retrogressive development of the slumped soil mass.
To apply the discussed phenomenon to a real slope, it is neces-
sary to identify numerous variable factors, such as the non-
uniformity of soils, real-time groundwater table changes, real-
time slope profile changes, etc. Obtaining such information for a
real slope involves intensive undisturbed sampling, sophisticate
monitoring, and high costs. In the future, verification of the pro-
posed method using well monitored large-scale slope tests is
suggested.
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